Introduction
Phaseolin is the major seed storage protein of Phaseolus vulgaris (common bean) and represents up to 49% of the total nitrogen of the seed . It has a sedimentation rate of about 7 s and, as such, is placed in the vicilin class of seed storage proteins (Blagrove et al. 1984) . Recently, phaseolin protein diversity (as observed by onedimensional SDS-PAGE) has provided evidence for a subdivision of P. vulgaris into two major gene pools Gepts 1988a Gepts , 1988b Koenig and Gepts 1989; Singh et al. 1991) . These gene pools are the Middle American group in which the S-type phaseolin (originally described in the cultivar 'Sanilac') predominates, and the Andean group, which expresses primarily the T-type phaseolin, originally described in 'Tendergreen' (Gepts 1990 (Gepts , 1993 ; Becerra Velasquez and Gepts 1994) . Subsequent work has demonstrated that this distinction can be extended to the nucleic acid level where Printed in Canada I Imprim6 au Canada the S and T types can be distinguished by unique polymorp h i s m~ in a Southern hybridization (Talbot et al. 1984; Nodari et al. 1993) .
At the present time, only phaseolin genes of the T type of Andean origin have been extensively investigated at the molecular level Lawrence et al. 1990; Slightom et al. 1983 Slightom et al. , 1985 Talbot et al. 1984) . Sequencing of phaseolin cDNAs from the Andean cultivar 'Tendergreen' indicated that two phaseolin gene subfamilies, a and P, are, in part, responsible for the complex protein pattern observed in SDS-PAGE. The two gene types differ primarily in that the a-phaseolin genes contain two, small (15 and 27 bp) direct repeats, whereas the P-phaseolin genes do not contain these repeats (Slightom et al. 1985) . The presence of these repeats in combination with post-translational glycosylation (Lioi and Bollini 1984; Sturm et al. 1987 ) is responsible for the distinctive T-phaseolin protein pattern on onedimensional SDS-PAGE gels. To extend this investigation of the sources of the unique protein polymorphisms that help define the two major gene pools of R vulgaris, additional sequence analysis of the S-type phaseolin genes was needed. In addition, sequence analysis of the phaseolin type that characterizes the other major gene pool of R vulgaris would make it possible to deduce potential sites for amino acid replacement to improve the overall methionine content of phaseolin and thus overcome the primary nutritional deficiency present in legumes (Gepts and Bliss 1984; Ma and Bliss 1978) .
Materials and methods

Plant materials
Seeds of the genotypes used for mRNA analysis and cDNA construction and analysis were obtained from the University of California, Davis, bean genetics collection. These included P. vulgaris 'Sanilac' and 'Tendergreen', P. lunatus 'Henderson' and 'G25804', and Y unguiculata 'BE85-24'.
Seed protein extraction
Seed proteins were extracted by the method of Ma and Bliss (1978) . SDS-PAGE electrophoresis was performed by the method of Laemmli (1970) . Samples, either seed flour or protein fractions, were suspended in a modified SDS sample buffer (0.25 M Tris-HC1 (pH 6.8), 0.5 M NaCI, 1% SDS, 1% mercaptoethanol) and heated to 100°C for 10 min before loading.
Plasmid isolation and probe labeling
Plasmids were routinely isolated using the alkaline-SDS method as described in Sambrook et al. (1989) . For sequencing and vector preparation, plasmids were further purified by polyethylene glycol precipitation. Probes were labeled with [cx-~'P]~CTP using the random primer method of Feinberg and Vogelstein (1983) .
RNA isolation
Total RNA was isolated essentially by the method of Hall et al. (1978) except that the bufferlseed ratio was increased to 5 mL1g and the Proteinase K concentration increased to 2 mglg starting material. Poly(A) RNA was isolated by chromatography over oligo(dT)-cellulose according to the method described by Sambrook et al. ( 1989) .
Northern blot hybridization
Northern blotting was performed following the method of Fourney et al. (1988) . Following hybridization, washes included 2 X 20 min in 1 X SSC, 0.1% SDS at room temperature, 2 X 20 min in 0.1 x SSC, 0.1% SDS at 55°C. Blots were then autoradiographed for 12-48 h at -70°C.
cDNA synthesis
cDNA was synthesized with superscriptTM enzyme (Moloney Murine Leukemia Virus, RNase H mint Reverse Transcriptase [Gibco-BRL, Gaithersburg, Md.]) according to the method supplied with the enzyme. After blunt ending the cDNA with T4 polymerase, SalI linkers were ligated to the cDNA. Following overnight digestion with 50 units of SalI enzyme, the oligonucleotides were removed and the cDNA size selected by passage over a Sepharose CL-4B column. The cDNA was recovered by ethanol precipitation and ligated into pUC19 that had been cut with SalI, dephosphorylated with alkaline phosphatase, and gel purified.
Transformation, colony lifts, and hybridization
Escherichia coli cells (MV 1190) were transformed the Colony Transformation Protocol of Hanahan (1985) . Colony lifts were performed as described in Sambrook et al. (1989) . Filters were prehybridized in 6X SSPE, 50% formamide, 0.05X BLOTTO (5% nonfat dry milk in water) at 42°C for 2-3 h, then hybridized in fresh buffer containing 2-5 X 10' cpm1mL labeled probe (pPHAS MC3 1 a-phaseolin cDNA from 'Tendergreen') for 12-24 h. Washes were 3 X 5 min in 2X SSC, 0.1 % SDS at room temperature, and 2 x 9 min in 1 x SSC, 0.1 % SDS at 68°C. The filters were then blotted dry and autoradiographed at -70°C overnight.
Single-stranded DNA preparation and RD nested deletion series
Single-stranded DNA (ssDNA) for sequencing and for generating nested deletion series was prepared by the method of Vieira and Messing (1987) . A nested deletion series for sequencing was constructed by the method of Dale and Arrow (1987) .
DNA sequencing
Sequencing of DNA was performed using Sequenase v.2 (U.S. Biochemical, Cleveland, Ohio) according to the manufacturer's instructions.
Computer sequence analyses
Sequence comparisons and alignments were performed with the Wisconsin Genetics Computer Group software version 7.2 (Devereux et al. 1991) . The DNA sequences for the S a-phaseolin (clone 2-13) and P-phaseolin (clone 1-12) have been deposited with GenBank (accession numbers U0 11 32 and U0113 1, respectively).
Results
Isolation and sequence analysis of S phaseolin clones 2-13 and 1-12 Northern blot analysis of total RNA isolated from P vulgaris ( ' Tendergreen', 'Sanilac' , and 'Contender'), P. lunatus ('Henderson' and 'G25804'), and Vigna unguiculata ('BE85-24'), when hybridized to a 'Tendergreen' a-phaseolin cDNA clone (kindly provided by Dr. J. Slightom, Upjohn, Kalamazoo, Mich.), showed a single, major band of similar molecular size in all five samples (Fig. 1) . These results indicate that Phaseolus spp. and a species from the related genus Vigna contain at least one very highly abundant transcript that has a strong homology to the phaseolin gene and has approximately the same molecular size as the phaseolin transcripts in 'Tendergreen'.
Twenty-eight positive cDNA clones were identified from the 'Sanilac' library. After confirming similarity to the T-type a-phaseolin by sequencing the 3' end, two clones were selected for complete sequence analysis. Clone 2-1 3 contained the 27-bp direct repeat and thus resembled a T-type a-phaseolin gene, whereas clone 1-12 lacked the 27-bp repeat and thus resembled a T-type P-phaseolin gene. Analysis of clone 2-13 showed an insert of 1439 bp in the SalI site of pUC 19 (Fig. 2) . It contained a perfect 27-bp direct repeat at position 12 18-127 1. In addition, four other smaller, imperfect duplications were found. These repeats were all 11 bp or less and contained at least one mismatch. They were found in all other phaseolin sequences reported, implying that these repeated sequences were formed prior to the expansion of the phaseolin progenitor into a multigene family. The formation of repeats, whether direct or not, appears therefore to have taken place repeatedly during phaseolin evolution. The S phaseolin cDNA clone 1 -12 was slighty longer than cDNA clone 2-13 with an insert size of 1483 bp but did not contain either the 15-bp or the 27-bp direct repeats (Fig. 2) . Comparison of the S phaseolin cDNA clones with the 'Tendergreen' cDNA clones (Slightom et al. 1985) indicated that the S a-phaseolin clone 2-13 contained the entire peptide coding region but lacked any of the 5' noncoding sequences (Fig. 2) . The S P-phaseolin clone 1-12 contained a portion of the 5' noncoding region but did not appear to be a full length cDNA sequence. A comparison between the coding regions of S phaseolin clones 2-13 and 1-1 2 showed 98.86% sequence identity between the two clones (Table 1) . A total of 16, dispersed, single-base substitutions and three gaps were identified. Of the three gaps, one was accounted for by the presence of the 27-bp repeat in clone 2-13 and its absence in clone 1-12. The other two were single-base deletions in the 3' region of clone 1-12. No 15-bp repeat was observed in the two S phaseolin clones, confirming an earlier observation by Anthony et al. (1990) . A polymerase chain reaction test of total genomic DNA of 'Sanilac' with primers bracketing the 15-bp direct repeat region also failed to reveal the presence of this direct repeat in other, uncloned sequences (J. Kami and P. Gepts, unpublished results) .
A comparison of sequences from different phaseolin types (e.g., S and T) should be made with caution, as at this stage it is not possible to distinguish orthologous from paralogous members of the respective gene families. With this note of caution in mind, these comparisons show that a-phaseolin sequences of the two phaseolin types (S and T) were more similar to each other than to their respective P-phaseolin T-a and T-P were from Slightom et al. (1985) . The sequence of T -a clone I 6 9 was used for comparison. For S -a phaseolin 'Sanilac' clone 2-13 was used. For S-P phaseolin 'Sanilac' clone 1 -12 was used.
sequences. The same statement can be made for the Pphaseolin sequences of the S and T phaseolins (Table 1) . This suggested that the divergence into a -and P-phaseolins predates the divergence of the Middle America (S) and Andean (T) phaseolins.
Phaseolin-derived peptide composition and sequence
Translation of the open reading frame of S a-phaseolin clone 2-13 yielded a polypeptide of 430 amino acids with a calculated molecular mass of 49 270 Da. S P-phaseolin clone 1-12 coded for a polypeptide of 47 520 Da with 422 amino acid residues. When the signal sequence was removed, the molecular masses dropped to 45 904 and 44 995 Da, respectively. The predicted amino acid sequence showed that both the a and P S phaseolin proteins contain an additional methionine residue relative to the T phaseolin proteins confirming the observation of Anthony et al. (1990) . Alignment of the peptide sequences showed that the sites of amino acid replacements were more or less randomly distributed throughout the entire sequence (Kami 1993) . In general, as with the DNA sequences, there were fewer replacements between the T and S a-phaseolins and between the T and S P-phaseolins than between the a -and P-phaseolin within each cultivar. Of the 12 sites where amino acid replacements had taken place, 8 (positions 2, 9, 170, 208, 245, 274, 375, and 399) involved single replacements in individual genes: 3 in S a-phaseolin clone 2-13, 3 in 'Sanilac' P-phaseolin clone 1-12, and 1 each in T-phaseolin a and P. However, two of the replacements in 'Sanilac' P-phaseolin occurred in the signal sequence region and therefore did not directly affect the mature phaseolin protein. The other four (positions 23 1, 3 17, 393, and 4 10) involved identical replacements in two genes. In each case, the difference was between the T-a/S 2-13 and T-PIS 1-12 pairs. The mutations responsible for these double replacements must have occurred after the initial duplication of the original gene and formation of the 27-bp repeat but before the divergence of the S and T phaseolins and subsequent introduction of the 15-bp repeat. Most of the amino acid replacements were of a highly conservative nature, i.e., their approximate size, shape, charge, and helixinducing properties were largely conserved by the replacement, implying that they would do little to perturb the threedimensional structure of the final protein. 
FIG. 2.
Comparison of the nucleic acid sequences from the phaseolin cDNA clones. Bold type indicates nucleotide substitutions. Nucleotide sequences for the T a-phaseolin and P-phaseolin nucleotide sequences are from Slightom et al. (1985) . The S a-phaseolin and P-phaseolin nucleotide sequences are from clones 2-13 and 1 -12, respectively (present results). 
Discussion
Our observations on the nucleotide sequence of the S-type phaseolin genes, in comparison with that of those from Tphaseolin sequences, allow us to sketch a preliminary sequence of events characterizing the molecular evolution of this multigene family in P. vulgaris. Given that it is more plausible that the repeats were generated from preexisting sequences, the simplest sequences, that of the P-phaseolins, which lack both the 15-and 27-bp repeats, are most likely the progenitors of the a-phaseolin genes. Since this progenitor sequence is present in both the S and T multigene families along with modified copies, i.e., the repeat-containing aphaseolins, the P-phaseolin genes would have undergone a duplication event followed by the introduction of repeated sequences into one of the duplicates. Because the 27-bp direct repeat is present in both S and T phaseolins, its introduction took place presumably before the divergence of P. vulgaris into its two major geographic, Middle American and Andean, gene pools (Gepts 1988b (Gepts , 1993 .
After this geographical separation, a 15-bp repeat was then introduced among Andean a-phaseolin sequences. Concurrently with these events, additional duplications of the phaseolin genes may have taken place, further expanding the gene family. The precise timing of these expansion events is difficult to determine. Since there are an estimated 7-10 members of the gene family, and at least six T a-phaseolin variants have been identified (Slightom et al. 1985) , it appears that this expansion may have taken place at least partly after the Andean and Middle American gene pools diverged. However, a similar number of genes has been estimated for 'Sanilac' (Slightom et al. 1985) . This implies that the expansion of the gene family occurred both in the Andean and Middle American gene pools to the same degree. Whether this expansion of the gene families is an apparently random, nonselective event or the result of the selection pressures placed upon genotypes prior, during, or after domestication is not apparent from the present data. However, it should be noted that the S and T protein patterns have been observed in wild-growing beans . Unless the S and T phaseolin types were introduced into wild beans through occasional outcrosses with cultivated material, their existence in wild beans suggest that the expansion of the phaseolin multigene family may have taken place prior to domestication.
Thus, the evolution of the phaseolin genes in the two primary gene pools of P. vulgaris can be seen to be punctuated by a series of major events: (i) the duplication of the progenitor sequence into at least two genes to start the multiplication of the multigene family; (ii) the generation of a 27-bp direct repeat in one of the duplicates of the original gene; (iii) the acquisition of at least four mutations within the coding region of the genes; (iv) the geographical separation of the S and T phaseolin types; (v) the introduction of the 15-bp repeat into the same gene as the 27-bp repeat in the T phaseolin type; and (vi) concurrently with the previous event there was further expansion of the multigene family by gene duplication.
Since it has been demonstrated that the nutritional availability of methionine in beans is positively correlated with phaseolin protein content (Gepts and Bliss 1984) , the S phaseolin can provide a higher nutritional value than the T, other factors being equal. Second, in addition to the increased number of methionine residues in S phaseolin (Anthony et al. 1990 and present results), the smaller S a-phaseolin protein provides a higher molar ratio of methionine than its larger T phaseolin counterpart and should perhaps constitute the starting point for sequence modifications to enhance phaseolin methionine content.
A comparison of sequences of different phaseolin types should allow us to reveal additional amino acid sites that are variable and thus potentially amenable to sequence modification to improve the amino acid balance of phaseolin. This is especially true as sequence homogenization has been posited for the phaseolin multigene family (Slightom et al. 1985) . Although no extended regions of nonconserved amino acid sequences could be identified that would be preferential targets for sequence modification, single amino acid replacements appear to be tolerated at specific sites. Hence, the possible introduction of additional methionine residues into the protein through gene modification at specific sites does appear to be feasible. The replacement of I to M and M to I at positions 274 and 399, respectively, in both the S aand P-phaseolin peptides has possible important nutritional implications. Since these proteins seem to tolerate the replacements, there exists the potential to modify a phaseolin gene in vitro to contain methionine residues at both positions within the same coding sequence. Alternatively, different accessions of P. vulgaris could be screened to identify a possible recombinant that contains both methionines in the same sequence. This would increase the overall methionine content by 20% and the mole percent to about 1.23. Although not a complete solution to the problem of methionine as the nutritionally limiting amino acid, it would be an improvement on present varieties.
